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CP violation in Higgs couplings

e Study expected CP constraints for Hyy/HZy in a
pp collider

Table 1-26 from arxiv1310.8361

Collider PP P ete” ete™ ete™ eTe” vy o opTpuT | target
E (GeV) | 14,000 14,000 250 350 500 1,000 126 126 | (theory)
L (=1 | 300 3,000 250 350 500 1,000 250
spin-2:- | ~10c >100 >10c >100 >100c  >100 >bo
VVHT 0.07 0.02 / / / v / / <1075
VVHT | 4107% 12.107% 7104 1.1-10% 4.10°5 8.10°6 <107°
VVES | 7107 1307 v v / <107°
ggH 0.50 0.16 < 1072
Tyve | - - ‘; 0.06 < 1072
|z H v : <102
H | v s 001 0.01 0.02 006 /oo <1072
ttH v V4 0.29 0.08 < 1072
upH v <1072

* See also presentation by A.Gritsan

[1] https://indico.fnal.gov/event/49756/contributions/222371/attachments/146754/187594/talk_Snowmass-September2021.pdf
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https://indico.fnal.gov/event/49756/contributions/222371/attachments/146754/187594/talk_Snowmass-September2021.pdf

Higgs vyy/Zy couplings

HVYV scattering amp. in mass-eigenstate basis:
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> estimate sensitivity projections for the total anomalous contribution in yy and in Zy
> estimate sensitivity for CP-odd fraction of these contributions
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Higgs vyy/Zy couplings

> estimate sensitivity projections for the total anomalous contribution in yy and in Zy

> estimate sensitivity for CP-odd fraction of these contributions
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Consider SM beyond tree level:

a3 "M = 000423 F27M = 0.00631365

fq/*y JSOM YY,S M f’Y'Y SM
a2
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Higgs vyy/Zy couplings

Use pp -~ H - 4l based on the pheno study presented in arxiV:2109.13363
H - 4l angular information allows CP measurement
Can study yy/Zy couplings through virtual bosons in 4l final state

JHUGenN simulation
Utilize MELA discriminants

7:)sig (Q)

D, (Q) = , Z~y Yy Zy Ay
It ( ) Psig (O) + Palt (Q) Dg2 ; D92 s Dg4 3 a:nd Dg4
P ()
D. () — int , Zry i g i
mt( ) ) \/Psig (Q) P (Q) Djnt 3 Dint? DC’P? DC’P

> Perform likelihood scans for POls using template fitting
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Hyy coupling
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HZy couplings

3000.0 fo' (13 TeV)

3000.0 fb™ (13 TeV)
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Summary

* Projections on pp machine @3ab-?
e focus on H yy/Zy couplings

Collider pp pp ete ete ete™ ete vy o optpT
E (GeV) | 14,000 14,000 250 350 500 1,000 126 126 (theory)
L (th=1) 300 3,000 250 350 500 1.000 250

spin-2F ~100 >100 >100 >100 >100 >100

VVHT 0.07 0.02 v va va va va v4
VVH?* 4-107% 1.2-107* 7.107* 1.1-107* 4.10=> 8107

VVH® | 71074 13104 v / / Y

ggH 0.50 0.16

L S IR : 0.06

0 I Lo

TTH va v 0.01 0.01 0.02 0.06 va v
ttH va v4 0.29 0.08

o H v
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Additional material
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The JHUGen framework

https://spin.pha.jhu.edu/ | |
&
\ . |
e JHUGenerator

-

MC Generator based on the papers:

"Spin Determination of Single-Produced Resonances at Hadron Colliders"
Yanyan Gao, Andrei V. Gritsan, Zijin Guo, Kirill Melnikov, Markus Schulze, and Nhan V. Tran
http://arxiv.org/abs/1001.3396

"On the Spin and Parity of a Single-Produced Resonance at the LHC"

\bg!" Sara Bolognesi, Yanyan Gao, Andrei V. Gritsan, Kirill Melnikov, Markus Schulze, Nhan V. Tran, and Andrew Whitbeck

http://arxiv.org/abs/1208.4018

"Constraining anomalous HV'V interactions at proton and lepton colliders"
Ian Anderson, Sara Bolognesi, Fabrizio Caola, Yanyan Gao, Andrei V. Gritsan, Christopher B. Martin,
Kirill Melnikov, Markus Schulze, Nhan V. Tran, Andrew Whitbeck, and Yaofu Zhou
http://arxiv.org/abs/1309.4819

"Constraining anomalous Higgs boson couplings to the heavy flavor fermions using matrix element techniques"

Andrei V. Gritsan, Raoul Rontsch, Markus Schulze, and Meng Xiao
http://arxiv.org/abs/1606.03107

o » I I \J G e n M E L A "New features in the JHU generator framework: constraining Higgs boson properties from on-shell and off-shell

production”
Andrei V. Gritsan, Jeffrey Roskes, Ulascan Sarica, Markus Schulze, Meng Xiao, and Yaofu Zhou
http://arxiv.org/abs/2002.09888

°
o H G e n LeX I C O n "Probing the CP structure of the top quark Yukawa coupling: Loop sensitivity vs. on-shell sensitivity"
J u Till Martini, Ren-Qi Pan, Markus Schulze, and Meng Xiao

https://arxiv.org/abs/2104.04277

"Constraining anomalous Higgs boson couplings to virtual photons"

Jeffrey Davis, Andrei V. Gritsan, Lucas S. Mandacaru Guetra, Savvas Kyriacou, Jeffrey Roskes, and Markus Schulze

EEEE L R R L LR R B EEE R R e

* JHU Generator v7.5.0 *

T T L T Ty Ty

Spin and parity determination of single-produced resonances at hadron colliders

*

*

* I. Anderson, S. Bolognesi, F. Caola, J. Davis, Y. Gao, A. Gritsan,
* Z. Guo, C. Martin, K. Melnikov, R. Rontsch, H. Roskes, U. Sarica,
* M. Schulze, N. Tran, A. Whitbeck, M. Xiao, Y. Zhou

* Phys.Rev. D81 (201@) @75022; arXiv:1001.3396 [hep-ph],

* Phys.Rev. D86 (2012) 095831; arXiv:1208.4018 [hep-ph],

* Phys.Rev. D89 (2014) ©35007; arXiv:1309.4819 [hep-ph],

* Phys.Rev. D94 (2016) @55623; arXiv:1606.03187 [hep-ph],

* Phys.Rev. D102 (2020) ©56022; arXiv:2002.09888 [hep-ph],

* arXiv:2104.04277 [hep-ph].

*

H* OO O X K ¥ K ¥ K X K ¥ R

T T T LT T T e

https://arxiv.org/abs/2109.13363

contacts: Jeffrey Davis ,Jeffrey (Heshy) Roskes,Ulascan Sarica,Markus Schulze

See also talks by:

J.Davis at EPS-HEP2021
H.Roskes at LHC EFT WG
H.Roskes at Pheno 2020
M.Xiao at ICHEP 2020
U.Sarica at Higgs 2020
A.Gritsan at LHC Higgs WG
M.Schulze at LHC Higgs WG
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https://spin.pha.jhu.edu/
https://indico.desy.de/event/28202/contributions/106055/
https://indico.cern.ch/event/971724/#7-eft-in-jhugen
https://indico.cern.ch/event/858682/contributions/3837206/
file:///home/narx/Desktop/PhenoPaper/Snowmass/M.Xiao%20at%20ICHEP%202020
https://indico.cern.ch/event/900384/contributions/4063561/
https://indico.cern.ch/event/966917/#1-eft-measurements-with-jhugen
https://indico.cern.ch/event/400326/#2-higgs-off-shell-measurements

The JHUGen framework

/ 3. Monte Carlo [Baabata

JHUGen simulation
JHUGenLexicon

1. Couplings

(EFT) basis

MCFM-JHUGen
. . MELA
4. Reweighting

2. Matrix

elements
5. Optimal
Observables

6. Statistical

\\ framework

7. Example
analysis

Processes supported: Framework allows:

Now supgrts tHW - Detector level studies
On-shell & off-shell production - Optimal observables
— -  Robust
decay vz simulation/reweighting
(—_
=
(@NLO) @ Other final states interfaced to PYTHIA
On-shell production [ Hff anomalous couplings ]
( HVV anomalous coupiings]

(External generator | ((Hff &HVV anomalous couplings
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Setting constraints

Construct and calibrate dedicated MELA discriminants:

Paig (€2) Zy Yy Z~
D, (Q) = 8 ,
at (€2) Piig (Q) + Py (Q) DQQ ? DQQ ? D94 ?
A Z
Pt (Q o B ¥
Dy () = () , Dint ’ Dint’ DC’P’
2 /Pug (Q) Py (Q)
Use both decay or and information
Fix ZZ/WW/A1/A\1Zy a.c. couplings, profile yy/Zy
Apply |m,|>12 GeV, pt,,, > 5GeV Apply |m [>12 GeV, pt_ > 5GeV

Categorize events in 6 categories x 3 decay channels (4e, 41, 2e2)

As in previous JHUGen pheno papers: Coupling Fraction H — 2¢2u VBF  ZH/~+"H

2 (f) | In f gn alf) Jan1 crff?}a,/ a1 crff?}a,_/ a1
s In¥nn i gn g ) 355.1 65.04  2.330
i T g2 €5 It W g 5 4385 2489 5051
3331 g1 N 348.0 64.28 1.790
i i o A 99 A S M=
We expect decay information to o “‘%Z‘f 423"'_(':,{ ************** 2 ““_1,55(’0 ffffffff
dominate sensitivity based on cross- 94 foi 0.153 1127 4794

section ratios for yy/Zy e
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